To what extent genotypic differences translate to phenotypic variation remains a poorly understood issue of paramount importance for several cornerstone concepts of microbiology including the species definition. Here, we take advantage of the completed genomic sequences, expressed proteomic profiles, and physiological studies of ten closely related Shewanella strains and species to provide quantitative insights into this issue. Our analyses revealed that, despite extensive horizontal gene transfer within these genomes, the genotypic and phenotypic similarities among the organisms were generally predictable from their evolutionary relatedness. The power of the predictions depended on the degree of ecological specialization of the organisms evaluated. Using the gradient of evolutionary relatedness formed by these genomes, we were able to partly isolate the effect of ecology from that of evolutionary divergence and rank the different cellular functions in terms of their rates of evolution. Our ranking also revealed that whole-cell protein expression differences among these organisms when grown under identical conditions were relatively larger than differences at the genome level, suggesting that similarity in gene regulation and expression should constitute another important parameter for (new) species description. Collectively, our results provide important new information towards beginning a systems-level understanding of bacterial species and genera.
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Introduction 2
Predicting the phenotype of newly isolated organisms based upon the existing 3 knowledge of previously characterized organisms constitutes one of the most fundamental goals 4 of microbiology. Organisms isolated from diverse environments and habitats often have their 5 phenotypic and physiological properties inferred from their evolutionary relatedness, measured 6 by (mainly) the 16S rRNA gene sequence identity or other means (1, 2) , to the type strains of 7 known species. Although this practice has been broadly applied in studies of microbial 8 communities, contributing greatly toward advancing microbiology knowledge, its use in this 9 manner is rooted in rather low-resolution experimental methods and procedures (1, 3) . The 10 powerful genomic tools now available provide the opportunity for a much more detailed and 11 informative evaluation of the relationship between genetic and phenotypic similarity. Simple 12 questions that remain unanswered or only partially explored such as "to what degree do 13 microorganisms encode and express the same metabolic pathways when grown under identical 14 conditions" and "to what extent are the similarities in expressed pathways determined by the 15 genetic relatedness and/or the (distinct) ecological adaptations of the microorganisms?" can now 16 be answered accurately and quantitatively. Addressing such questions will provide long-needed 17 information to better understand and model the enormous microbial biodiversity that exists on 18 the planet. 19
To this end, we have analyzed and compared, both at the whole-genome and the whole-20 proteome levels, ten isolates belonging to the genus Shewanella, an important genus in cycling 21 of organic and inorganic materials in the environment (4) . These isolates originated from 22 diverse geographic locations and habitats, including fresh and marine water columns, sediments, 23 in the subsurface environment such as an arsenate reductase, copper resistance system, heavy 1 metal efflux pump, and a polysaccharide biosynthesis cluster. 2
Similarly, S. denitrificans strain OS217 is as divergent as three other isolates (strains 3
PV-4, NCIMB400, and SB2B) are from the remaining six Shewanella isolates in our collection 4 (e.g., Fig. 3D ). Yet, the OS217 genome contained substantially more strain-specific genes and 5
showed the greatest loss of "core-like" CDSs (i.e., CDSs present in all other Shewanella 6 genomes) compared to the genomes of PV-4, NCIMB400, or SB2B (Table S2 ). For instance, 7 the core set increased by 265 genes when OS217 was removed from the analysis compared to 8 fewer than 60 genes when PV-4, NCIMB400 or and SB2B were individually removed. Our 9 genomic, physiological (e.g., Table S5 ), and proteomic data collectively suggests that strain 10 OS217 has undertaken a unique evolutionary path, possibly driven by the loss of the three 11 menaquinone biosynthetic gene clusters (menDHCE, menF, menB) common to the other 12 Shewanella strains and resulting in inability to exploit strictly anaerobic habitats. These results 13 are also consistent with previous findings suggesting that strain OS217 is a specialized 14 denitrifier (4) and with the longstanding observation that respiratory denitrification is not found 15 in organisms that are strong fermentors (8) . These findings may indicate that more extensive 16 genetic changes are involved for an organism to diverge to the opposite physiology. Lastly, the 17 (outlier) pairs of genomes with a higher percentage of shared genes than the average, i.e., CN32 18 or W3-18-1 vs. MR4 or MR7 (Fig. 1C) , are attributable to the substantially smaller size of these 19 genomes (i.e., 4.6-4.7 Mbs) relative to that of the rest of the genomes (i.e., ~5.2 Mbp, see Table  20 S1) rather than to more similar ecological adaptations (the number of shared orthologs and 21 mobile gene content in these pairs is comparable to that of other pairs). 22
Processes contributing to gene-content variation. To provide further quantitative insights into 1 the processes contributing to gene-content variation, the genes that differed in pair-wise whole-2 genome comparisons were assigned to five major functional categories and the percentage of 3 genes in each category was evaluated against the genetic relatedness of the two genomes 4 compared. The five categories were: i) pseudogenes, denoting genes predicted to encode 5 insertions, deletions, or sequence alterations that would result in premature termination of the 6 encoded protein, ii) IS/Tn, denoting insertion sequences or transposons, iii) mobile islands, 7 denoting runs of neighboring genes (genomic islands) that included integrase genes, iv) other, 8 denoting all other unique genes, including genomic islands that do not contain clear evidence of 9 being mobile, and v) hypothetical or conserved hypothetical, denoting the fraction of the genes 10 in category (iv) that had no detectable homolog in any of the fully sequenced genomes except in 11
other Shewanella genomes (Table S3 ). Our results revealed that mobile islands and insertion 12 elements dominated the gene-content differences among genomes of the same species but their 13 contribution gradually decreased in comparisons among genomes of increasing evolutionary 14 divergence at the expense of genes in the "other" category ( Fig. 2A) . These findings are 15 consistent with rapid turnover of mobile islands over short evolutionary scales. Further, the 16 majority (>75%) of the genes in the "other" category were typically found in clusters of ~5 to 17~4 0 genes, reflecting presumably their "mobile island" origin. These findings are consistent 18 with preferential deletion of the mobility/transposition genes (presumably due to negative 19 selection) in the course of evolution and retention of only the potentially ecologically important 20 genes of mobile islands. Therefore, the Shewanella organisms evaluated here appear to acquire 21 most of their new functions as follows: acquisition of mobile islands followed by selection for 22 the islands carrying ecologically important genes and finally loss of the mobile and ecologically 1 unimportant genes. Shewanella genomic sequences revealed that sampling of the genus pangenome remained 5 unsaturated (Fig. 2B , blue bars); this result was attributable to the large number (468, on 6 average) of strain-specific genes. Only 10% to 25% of the latter genes, depending on the 7 genome evaluated, found a homolog in a genome outside the Shewanella genus when queried 8 against all bacterial genomes available at the end of 2008, indicating the great potential for 9 discovering novel genes with more Shewanella strains sequenced. The number of new genes per 10 genome is an order of magnitude higher than those calculated for highly specialized human 11 pathogens (9) but significantly lower than that of the opportunistic pathogen Escherichia coli 12 (7) . It must be pointed out, however, that these pan-genome calculations are not directly 13 comparable and should be interpreted with caution. For instance, the average ANI value among 14 all pairs of Shewanella genomes is ~76%, which is significantly lower than that within the E. 15 coli group (~96%), and there appears to be a strong positive correlation between the amount of 16 novel genes carried in a genome and the (higher) degree of evolutionary divergence of the 17 genome, regardless of the effect of ecology or environmental adaptation ( Fig. 1C and in (7)). On 18 the other hand, the prophage content of the E. coli genomes is substantially higher than that of 19 the Shewanella ones (10-20% vs. 0-5%, respectively), and this accounts for much of the 20 difference observed. When the groups were adjusted for comparable intra-group diversity, by 21 including selected Salmonella (~82% ANI to E. coli) and Yersinia (~72% ANI to E. coli) 22
genomes together with E. coli ones and with prophage genomes removed from the analysis, the 23 gene diversity observed within the enterics was comparable to that of the Shewanella (Fig. 2B) . 1 Therefore, the evaluation of these two important groups suggests that sequencing of any new 2 organism, as long as the organism belongs to a versatile genus and has a different ecological 3 history relative to the previously sequenced members of the genus, should be expected to 4 expand substantially the pangenome of the genus. 5
Both the Shewanella and the enterics core gene sets were highly enriched in 6 translational, transcriptional, DNA replication, and central metabolism genes and overlapped 7 extensively (~50% of the genes were shared between the two cores). Shewanella-specific core 8 functions were associated mainly with metabolic pathways, as well as chemotaxis and sensory-9 transduction processes. Using the BioCyc pathway schema (10), 104 pathways were identified 10 as being common to all Shewanella genomes, including pathways for energy metabolism, 11 synthesis of building blocks (amino acids, cofactors, fatty acids, and nucleotides), and for 12 degradation or inter-conversion of metabolites and all but two amino acids and metabolites ( Fig.  13 S2, and Table S4 ). A common trait of the Shewanella strains appears to be the use of the 14 pentose phosphate and Entner-Doudoroff pathways for hexose degradation. This is based on the 15 lack of the enzyme 6-phosphofructokinase (Pfk; the most important regulatory enzyme of the 16 canonical glycolysis pathway), initially observed in previous gene expression studies of MR-1 17 cultures (11). Members of the Shewanella genus also have fewer phosphotransferase system 18 (PTS) transporters than usually encountered in proteobacterial genomes. Whether there is a 19 connection between the reduced PTS and lack of Pfk is not clear, but it is possible that the lower 20 level of phosphoenolpyruvate (PEP) synthesized as a result of not using the glycolytic pathway 21 may render the PEP-dependent PTS system inefficient. 22
When the core was defined as the genes present in all but one of the 10 genomes, the 1 dataset increased by 411 protein coding genes (265 when OS217 was excluded from the 2 analysis), corresponding to, on average, 12-14% of the Shewanella genome (Table S2) . These 3 findings suggest that gene loss, including loss of genes that are apparently indispensable for the 4 majority of the strains of a species, might be a successful strategy for fast evolution and 5 environmental adaptation. A representative example of strain-specific adaptations related to a 6 group core function, which involved considerable gene deletion and/or gene acquisition, is 7
given below. All Shewanella strains except for S. denitrificans OS217, which shows limited 8 anaerobic growth capabilities presumably due to gene loss during the process of ecological 9 specialization (discussed above), were able to reduce several metals and metalloids (Table S5) , 10 a well-known characteristic of the genus (12) . The main metal reductase locus, encoded by 11 mtrCAB genes, is virtually identical for the nine strains but the adjacent loci vary, reflecting 12 evolutionary history and possibly metal respiratory specialization (4). These dissimilarities 13 explained some, but not all, of the variation in metal respiration among strains observed during 14 our growth experiments. For example, although their mtr locus and flanking genes are identical, 15 strain CN-32 was able to grow on lactate (20 mM) when six different metals or metalloids were 16 used as electron acceptors, whereas strain W3-18-1 only grew with Fe, Mn, and Se, under the 17 conditions tested. These results may reflect differences in the upstream pathways to metal 18 reduction between the two strains and underscore the need for more research to understand 19 better the details of the metal respiration cascade. 20
Gene presence vs. expression as a function of time and ecology. Transcriptome comparisons 22
have shown that gene expression rather than gene content differences, occurring either at 23 different times and/or tissues, are mainly responsible for the differential development of 1 eukaryotic organisms, e.g. human and chimpanzees (13) , and the adaptive evolution of natural 2 populations (14) . It follows that, in addition to the number of shared genes, gene expression 3 constitutes an important factor determining phenotypic similarity (or dissimilarity). While the 4 latter applies presumably to bacteria as well, systematic assessments of the role of gene 5 expression on the phenotypic differences observed among closely related organisms are lacking. 6
To begin exploring this issue, the ten strains were grown under identical batch-culture 7
conditions to obtain their whole-cell proteome profiles and contrast the profiles against the 8 evolutionary relatedness among the strains. Overall, the degree of similarity in proteome 9
profiles was congruent with the evolutionary relatedness among the strains, i.e., the fraction of 10 orthologous proteins detected to be expressed in the cultures was higher in closely related 11 strains than in more divergent strains. However, the differences in expressed proteins among the 12 strains were consistently larger than their differences at the gene-content level when gene 13 expression and gene content were assessed for the same 4,300 (reference) genes found in the 14 MR-1 genome (compare branch lengths in Fig. 3B and 3C) , which minimized the effect of 15 gene-or strain-specific variations in the measurements. More surprisingly, the same pattern 16 was observed even when gene expression was assessed for the core genes only (Fig. 3A, Fig.  17 S2), which circumvented the dependency of the proteome profiles on the underlying gene-18 content differences in the previous comparisons. These results were attributable to a high 19 number of proteins expressed by one or a few, but not all, of the strains possessing the 20 corresponding gene, with proportions that varied from 1.9 to 2.6 times more than those proteins 21 expressed by all strains possessing the corresponding gene (Table S6 ). For instance, although 22 twenty percent (556 genes) of the core proteins were expressed by all strains, a substantially 23 larger fraction of core proteins (993 or 36%) were expressed by one or more (but not all) strains. 1
While some of these differences may be due to higher noise in the proteomics data relative to 2 the genomics data, we believe that many of these differences are biologically relevant due to the 3 high reproducibility (>80%) of proteomics measurements on batch cultures like the ones used in 4 the present study (15) , our high stringency in processing and analyzing the proteomics data (see 5 methods), and the fact that very similar results were found when a subset of five specific 6 regions of traditional 2-dimension protein gels were overlaid and compared for absence or 7 presence of protein spots (Fig. S3) . Finally, proteins characteristic of the stationary growth 8 phase, such as the RpoS sigma factor (16), were not detected in the expressed proteomes, 9
suggesting that all of our cultures were sampled at their exponential growth phase. 10
Our findings revealed that although strains CN-32 and W3-18-1 are significantly more 11 closely related than are strains MR-4 and MR-7 [e.g., a 2% higher ANI value translates to 12 substantially higher gene-content and evolutionary relatedness, as we and others have shown 13 (7)], they showed comparable differences in expressed proteins compared to the latter strains for 14 the same genes analyzed (Fig. 3) . These findings could therefore be attributable to a higher 15 degree of environmental/ecological adaptations (which may have altered metabolic and 16 regulatory networks) in the CN-32/W3-18-1 pair relative to the MR-4/MR-7 one. Similarly, S. 17 denitrificans OS217, which appeared to be the most ecologically specialized organism of the 18 set, also showed the most unique proteomic profile (Fig. 3) . The larger gene expression 19 differences observed for OS217 and CN-32/W3-18-1 than anticipated based on their 20 evolutionary divergence alone echoes the results described above based on the gene-content 21
analysis. Further, the largest fraction (44%) of the proteins detected in the protein profiles was 22 strain-specific and included many non-hypothetical proteins such as outer membrane proteins, 23
TonB-dependent receptors, proteases, restriction-modification enzymes, glycosylases, and 1 polysaccharide biosynthesis enzymes. Most of these proteins can be linked to metabolic fitness 2 or interaction with the environment, and hence could possibly underlie important physiological 3 and/or regulatory differences among the strains. The extensive variability in core proteins and 4 the high number of strain-specific proteins expressed under identical growth conditions 5 indicates a multifaceted and highly dynamic control of whole genome expression. Collectively, 6 our proteomics analyses suggest that changing this control appears to represent a particularly 7 important mechanism, in addition to gene acquisition or loss, for fast adaptation in changing and 8 diverse environments. Consistent with these conclusions, the first mutations observed in 9
experimentally evolved E. coli strains for 20,000 generations under laboratory conditions 10 involved regulatory genes and networks (17) . 11
12
Compartmentalized microbial evolution. In order to characterize which cellular functions 13 evolve faster in the Shewanellae, the percent conservation of selected functional gene categories 14 (see methods for details) was evaluated against the evolutionary relatedness among the strains 15 compared (measured by % ANI). As evolutionary distance increased, the % conservation of all 16 categories decreased, but the extent of decline (i.e., the slope) differed, presumably reflecting 17 the varied selection pressures on the corresponding genes. The analysis revealed the following 18 order: pathways were substantially more conserved than individual orthologs, orthologs more 19 conserved than transcriptional regulators, sensing and respiration genes, and expressed proteins 20 (Fig. 4) . The most rapidly changing individual functions, both in terms of gene 21 presence/absence and sequence conservation, were TonB-dependent outer membrane receptors 22 followed by methyl-accepting chemotaxis proteins, transcription regulators and cytochromes. 23
These results are consistent with our previous findings and suggest that genomic and regulatory 1 changes in sensing mechanisms represent the first line of adaptive response to different redox 2 conditions. Experimentally determined anaerobic growth characteristics such as biomass 3 produced and electron acceptors used (Table S5) were also very different among the Shewanella 4 strains and ranked among the fastest changing functional entities (Fig. 4) . A growth phenotype 5 encompasses the sensing of a substrate, expression of relevant regulators, transporters and 6 enzymes, in addition to physiological parameters related to the change in growth conditions. 7
These potential sources for additional variation among the strains may explain why the growth 8 phenotype is significantly less conserved compared to pathways, orthologs, and protein 9 expression patterns. 10 11
Summary and perspectives for the future 12
Microbiologists have been primarily focused on comparisons among either very closely 13 related strains of the same species or distantly related species in order to advance understanding 14 of the microbial life on Earth. The ten Shewanella genomes studied here were selected to 15 represent a range of evolutionary distances, providing for a more unconstrained view of 16 microbial diversity and evolution. Comparisons among these genomes revealed that the 17 Shewanella genus is genomically and more so proteomically diverse. Although a high degree of 18 variation in protein expression profiles was anticipated among distantly related species, the 19 variation observed among strains of the same species was comparatively much larger than 20 expected, given also the single growth condition used (Fig. 3 & 4) . It also appears that, in some 21 cases, the variation in expressed proteomes correlated positively with the extent of 22 environmental adaptation (specialization). These findings have important implications for the 23 correspondence between genotype and phenotype and hence, for the bacterial species concept. 1
The evolutionary and functional gradients reported here also suggested that specialization might 2 occur over a very short time span, much shorter compared to what corresponds to the current 3 species standards. Specialization appeared to take place primarily through changes at the 4 regulatory level and through the high plasticity and fluidity of the Shewanella chromosomes 5 (e.g., Fig. 4) . 6
The power of "omics" compared to traditional approaches to unravel organism's 7 environmental/ecological adaptations and make robust predictions about the similarity (or 8 difference) in phenotypic traits among organisms was also highlighted by our analyses. The 9 literature as well as our experimentally derived physiological and growth data could not easily 10 distinguish between most of the strains used in this study or (even) define general properties for 11 the major clades represented by these strains. This was also reflected in the very low correlation 12 obtained between anaerobic growth characteristics (Table S5 ) and the evolutionary relatedness 13 of the strains compared. In contrast, genomic and proteomic data correlated well with the 14 phylogeny of the strains and identified congruently strain-specific adaptations that might be 15 linked to speciation for several of the strains studied. These results further corroborate the 16 notion that it is time to start replacing the traditional approaches for defining diagnostic 17 phenotypes for (new) species or clades with omics-based procedures. 18
Distinguishing the effect of ecological adaptation from that of evolutionary divergence 19 alone represents the most limiting factor in increasing the power of our predictions on 20 phenotype based on the genotype. Towards this direction, studying the extent of variation 21 among members of the same natural population, i.e., among organisms with very similar 22 environmental adaptations, and contrasting it to the levels of variation detected in this study 23 with diverse organisms will allow for fruitful conclusions. The trendlines obtained in this study 1 (Fig. 1C & Fig. 4 ) also provide a reference for comparing organisms of narrower (or broader) 2 metabolic versatility than the Shewanellae. Further, although the growth conditions used in this 3 study were very limited, they remain artificial compared to the environmentally relevant 4 conditions and hence, may represent different stresses for each isolate evaluated. Replicate 5 experiments and experiments performed with continuous cultures (chemostats) are currently 6 underway in order to provide further quantitative insights into the role of variation in gene 7
expression. Finally, a major limitation remains in that, despite the dedicated efforts of numerous 8 laboratories, many of the genes in the genome have not been experimentally characterized and 9 their physiological role is unknown. Continuing the efforts to establish function to as many 10 genes in the genome as possible is critical for a thorough understanding of a bacterium that 11 could serve as a model for versatile environmental bacteria. 12
Regardless of these limitations, the results presented here constitute important 13 information towards better modeling the correspondence between genotype and phenotype and 14 provide directions and testable hypotheses that will bring us one step closer to systems-level 15 understanding of microbial species and populations. 16
Material and Methods 18
The organisms used in this study, their genomic features, gene-content, and accession numbers 19 of the versions of the genomic sequences used in the study are provided in Table S1 . Orthologs 20 were identified for the ten Shewanella genomes by a combination of three methods: i) protein-21 protein pair-wise reciprocal BLAST (blastp) (18) , ii) reciprocal protein-genomic sequence best 22 match (tblastn), and iii) Darwin pair-wise best hit (19) . Genes found in plasmids or mobile 23 elements were excluded from ortholog and proteome comparisons among the strains. The 1 degree of conservation of cellular functions or traits between two strains (e.g., Fig. 4 ) was 2 determined as follows. I) For orthologs, transcriptional regulators, TonB receptors, MCPs, and 3 cytochromes: all genes in the genome assignable to each of these categories were determined 4 based on the gene annotation and the number of orthologous genes shared between two strains 5 for each category (according to Table S2 ) was divided by the total number of genes assignable 6 to the category for each strain. The two values were averaged to provide the values used in 7 figure 4. II) A total of 163 unique pathways were identified in the ten Shewanella genomes 8 according to the BioCyc pathway schema (http:/biocyc.org). The number of shared pathways 9 between the strains, as a fraction of the total pathways carried by a strain, was determined based 10 on the presence/absence of the corresponding pathway genes. III) For proteomes and anaerobic 11 growth, the number of orthologous proteins expressed (Table S6 ) and metal/metalloids respired 12 (Table S5) by both strains in a pair was divided by the total number of (non-redundant) proteins 13 expressed and metal/metalloids respired by either strain, respectively. The use of "total traits 14 counted for both strains" as the denominator (as opposed to "counts for one strain") provided 15 also for more direct comparisons to the sequence-based traits (I and II above) because otherwise 16 the latter traits would have been penalized relatively higher due to the high number of 17 "auxiliary" genes, which remained un-expressed under the simple growth conditions tested. For 18 proteomics analysis, cultures were grown aerobically in Tryptic Soy Broth to final Optical 19 Density, OD=0.5. Cells were lysed, proteins extracted and digested with trypsin, and the 20 resulting peptides analyzed by mass spectrometry as previously described (20) , with the only 21 exception that filtering of the data was performed as described in (21) . Two-dimensional 22 proteomic gels were carried out as described previously (15) . A detailed description of materials 1 and methods is included in the supplementary material. The genes that differed in all pair-wise whole-genome comparisons among the ten Shewanella genomes (45 comparisons in total) were assigned to five major functional categories (graph legend). The number of genes in each category, expressed as a fraction of the total genes that differed between the two genomes (y-axis), is plotted against the genomic ANI value of the two genomes compared. Individual data-points representing each comparison have been removed for clarity; only trendlines representing the mean and bars representing one standard deviation from the mean are shown instead. B: Comparisons to the enterics pangenome. The number of genes that remained conserved (yaxis) with the inclusion of more genomes in the analysis is plotted against the number of genomes (x-axis) used (light colors). The total number of non-redundant unique genes in all genomes used is also shown (dark colors). Bars represent one standard deviation based on 10 random combinations in adding the genomes to the analysis. Figure 3 . Genome vs. proteome comparisons among nine Shewanella strains. The protein profiles of nine Shewanella strains were compared based on the 2,128 core genes (Panel A) and the 4,300 genes found in the genome of strain MR-1 (Panel B) for gene expression, and the nine strains were subsequently clustered based on their overall similarity in the expression patterns of these two gene sets as follows: For each gene set, a full (all genes by all genomes) 0/1 matrix was built, with 1 denoting expression (defined as the detection of at least 2 unique peptides per protein) and 0 denoting no expression of the corresponding protein; the derived matrices were clustered as described in the supplementary material and the resulting cladograms are shown. Similarly, the nine strains were also clustered based on the presence/absence of the 4,300 MR-1 gene orthologs in their genome (sequence comparisons, Panel C). A maximum likelihood phylogenetic tree of the concatenated alignment of 1,507 single-copy core genes that had no detectable signal for recombination by Phi Test analysis (22) is also shown (Panel D). Scale bars represent percent similarity in the derived matrices for panels A, B, and C; and number of substitution per site for panel D. 
